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Abstract

This paper presents the results of the research work conducted by the participants Alenia (Italy), Dasa
(Germany), DERA (United Kingdom), NLR (The Netherlands) and DLR (Göttingen, Germany) in the
former European programme WEAG-TA15 within Common Exercise V [1]. The objective of this
common exercise was the numerical and experimental investigation of vortex dominated flow about a
rolling delta wing and also to provide a data base for further code validation. Numerical calculations
with different unsteady Euler methods (central schemes with dissipation, upwind schemes) using a
common grid have been performed at a constant rolling rate of ωr=0.0762 for different angles of
incidence: α0=0°, α0=10° and α0=17°. From the numerical results it turns out that the different spatial
discretisations lead to characteristic differences mainly in the magnitudes of the vortex induced
suction peaks in the unsteady pressure distributions and in the prediction of vortex breakdown.

Introduction

The Western European Armaments Group (WEAG) TA15 programme was a European collaborative
programme concerned with the investigation of steady and unsteady vortical flows over military
aircraft configurations. A very important component of the WEAG TA15 programme was the
“Common Exercises” (CE), which promoted the exchange of knowledge between the participating
nations and also aided the development of computational methods through an assessment of their
capability in the prediction of vortical flows. Earlier common exercises had concentrated on steady
state vortical flow and on the improvement of the capturing of vortical structures in steady flow using
solution adaptive methods [2]. Within the last 5 years, the work within WEAG concentrated more and
more on the experimental and numerical investigation of unsteady vortical flow. A common exercise
dealing with inviscid unsteady flow about a delta wing oscillating in pitch [3] as well as detailed
numerical studies [4], [5] have demonstrated the usefulness (and limitations) of unsteady Euler
calculations for vortical flow fields. Comparisons of unsteady Euler and unsteady Navier-Stokes
results [5], [7] have also shown that the basic unsteady effects in the flow field (variation of the
primary vortex including vortex breakdown, phase lag of the flow field) can be predicted by Euler
methods.

As the analysis of flow fields about rolling delta wings is of high general interest (the rolling motion
produces asymmetric leading-edge vortices which can lead to roll instabilities as has been observed in
high performance military aircraft and in ref. [11] for a rolling delta wing at high incidence), the last
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“Common Exercise” (CE V) of this group has concentrated on the numerical and experimental
investigation of the unsteady flow over a 65º swept delta wing in rolling motion at transonic speed.
Guided by the experiences of former work on unsteady motions, the numerical investigation was again
restricted to unsteady Euler methods. The CE V had to be completed within a strict time frame. Thus
each participant for the numerical calculations (Alenia, Dasa, DERA, NLR) was asked to perform
unsteady Euler calculations for given test cases using a mandatory grid and a given number of physical
time steps per period.

Besides the numerical calculations, DLR-Göttingen has prepared and performed experimental
investigations using the new Pressure Sensitive Paint (PSP) technique, which was applied within CE V
for the first time to unsteady flow. Both numerical and experimental results should finally give a data
base for further code validation, but during the experimental investigations it turned out that there are
still some problems with the PSP technique in unsteady flow. Therefore only preliminary experimental
results were available at the end of CE V. Details of the experimental investigations are given in [8].

Geometry and Test Conditions

The CE V geometry is the 65° swept model of the TA15 delta wing with sharp leading edge,
combined with a symmetric body. It has been designed at DLR for experimental studies of rolling
motions. Figure 1 shows this model as it was still under construction. The fuselage starts with a
circular cross section at the apex and develops to a constant cross section after some distance from the
apex. In order to avoid unwanted additional vortices generated at sharp corners, the fuselage is
smoothly faired to the wing geometry. The basic wing geometry is the same geometry which is known
as WB1-SLE (aspect ratio A=1.38, symmetric airfoil).  The wing root chord of the wind tunnel model
is 420 mm.

Figure 2 gives an impression of the computational grid, which was generated at NLR. The grid is of C-
O-Type, giving a singular line running from the apex to the upstream boundary and an O-type
singularity at the edges of the wake-cut downstream of the trailing edge towards the downstream far-
field boundary. The sting is extended to the down stream far-field boundary. The total number of grid
points is 72·192·28 = 387022 grid cells. More details about the grid generation can be found in [9].

The test cases for CE V were rolling with constant rolling rate about the body axis at maximum
instantaneous angles of attack α0=0°, α0=10° and α0=17°. (The latter two cases have also been
investigated in the wind tunnel by the PSP technique). The constant reduced rolling rate, which was
restricted by the experimental equipment, was ωr= 2πn0b/U∞= 0.0762, with U∞ the free stream
velocity, n0 the physical roll rate (Rps) and b (0.333m) the span of the delta wing. This value of the
reduced roll rate corresponds to the physical roll rate of 10 Rps (3600°/s) at the Mach number M∞=0.8.
The above three test cases have been calculated by the participants with a resolution in time of 72 time
steps per period in a mandatory grid and starting from a steady solution. All participants used a dual
time stepping scheme for time accuracy but used different spatial discretisations (central or upwind).

Numerical Algorithms

At Alenia, the solution algorithm (UNS3D) is based on a finite volume, node centred approach
operating on an unstructured grid, using the dual cell approach. The artificial dissipation model is
derived from the non-linear dissipation scheme of Jameson, where the dissipation terms in each
direction are related to the spectral radii of the inviscid operator. No eigenvalue blending is applied.
For the integration in time, the dual time stepping scheme with a five stage Runge Kutta scheme in the
inner loop and a second-order backward differencing in time is employed. No multigrid acceleration is
used. More details are given in [6].

At Dasa, a Jameson-type in-house developed 3-D single-block structured unsteady Euler code for
wing and wing-body combinations was used for the CE V calculations. The dissipation model is the
non-isotropic dissipation model of Jameson, but with eigenvalue blending. A modified formulation of
the dual time stepping scheme (special treatment of the implicit source term) is used for the time
integration and the time derivative is approximated by a second order backward difference. Local time
stepping, implicit residual averaging and the multi-grid strategy are used to reduce the residual within
each time step. Some test-cases have also been recomputed by the use of the DLR code FLOWer 115
[14], using also the Jameson-type scheme settings.

The computations provided by DERA were performed at the University of Glasgow using the code
PMB3D, in which the unsteady Navier-Stokes equations are discretised on a curvilinear multiblock



(SYA) 11-3

body-conforming mesh using a fully implicit cell-centred finite volume method. The convective terms
are discretised using Osher’s upwind scheme. MUSCL variable extrapolation is used to provide
second-order accuracy in space with the Van Albada limiter to prevent spurious oscillations around
shocks. The linear system of equations formed by the fully implicit method is solved using a Krylov
subspace method. Time accuracy is achieved by Jameson’s dual time stepping technique. The time
derivative is approximated by a second order backward difference.

The NLR CFD simulation model is based on a Discontinuous Galerkin (DG) finite element
discretisation of the unsteady Euler equations, which is a mixture of a finite element and an upwind
finite volume method. The most relevant feature of the DG finite element method is that equations are
solved not only for the mean flow field, but also for the flow field gradients. This results in a very
local scheme, because it is not necessary to reconstruct a flow field gradient to achieve second order
accuracy, using data in neighbouring elements. The dynamic motion is simulated using a translating-
rotating reference frame connected to the configuration and using an Arbitrary Lagrangian Eulerian
(ALE) formulation for the additional fluxes due to the moving grid. The discretisation in time is based
on a three-point backward implicit time integration method. The non-linear equations of the implicit
time integration method are solved with a dual time stepping procedure. Within each implicit time step
convergence to steady state is accelerated using a FAS multigrid method and local time stepping in
pseudo-time. A more detailed description of the method is given in [4].

All participants have treated the rolling motion as a so-called rigid body motion, which means the use
of a rotating grid.

Steady State Results

All the typical characteristics of the different schemes can be seen in the steady solutions, which have
been used as initial solution for the unsteady calculations. In the surface pressure contours (Figure 3),
the overall agreement between the different solutions is good, except for α=17°, where the NLR
solution shows vortex breakdown and the other solutions do not. All solutions show the well known
Euler result, that is, the separation along the sharp leading edge is captured by methods based on the
Euler equations and the resulting sheet (theoretically a contact discontinuity) rolls up to form  a
primary vortex rather close to the sharp leading edge. Depending on the numerical scheme this vortex
can be very compact (Upwind schemes of  the University of Glasgow and NLR) or less compact
(central scheme with dissipation of Dasa), which can be seen very clearly in the comparison of the
surface pressure distributions in Figure 4. (The experimental data were obtained by DLR applying the
PSP technique; more details are given in [8]). In the computed surface pressure distributions, the
leeward suction peak is over-predicted and its position is more outboard, which is an effect of the
missing secondary vortex. In the experiment, the suction peak seems to be more compact but this is
surely an effect of the grid resolution in the Euler calculations, combined with the effect of a missing
secondary separation  compared to the experiment.

Unsteady results at angle of incidence αααα=0°°°°

Figure 5 shows the spanwise pressure distributions of the Dasa, NLR and DERA solutions at the cross
sections x/c=0.6 and x/c=0.8. All surface pressure distributions are exactly antisymmetric with respect
to η=0, resulting in zero lift and in a non zero rolling moment as should be expected for this test case.
(It should be noticed that the cp curves from a given solution cross at η=0.) At the cross section
x/c=0.6, there is still no vortex present, whereas at x/c=0.8 a very weak vortex can be recognised in all
three solutions. The pressure distributions of the Dasa and NLR solutions are identical. Obviously the
numerical dissipation of the Dasa scheme is of no importance in this test case (there is no discontinuity
which can be smeared out). The DERA solution shows in both cross sections a lower level of the
suction peaks. This is surprising since, in the steady solutions, the Osher upwind scheme has shown
higher levels of the suction peaks than any of the other schemes.

Unsteady results at angle of incidence αααα=10°°°°

For convention, a positive roll velocity means that the right hand side of the wing when looking in the
upstream direction is moving upward. Therefore in all the representations of the surface pressure
contours, the turning direction is counter clockwise about the body. The section surface pressure
distributions are front views so that here the turning direction is clockwise. The rolling moment
coefficient is positive when damping a rolling motion with positive roll velocity. (This is not the
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common convention but an effect of stand alone flow solvers which associate a positive lift at the
positive half of the wing with a positive rolling moment.)

Figure 6 shows the surface pressure contours of the leeward wing side in the horizontal and in the
vertical position for the reduced rolling rate ωr=0.0762 during the third cycle of the simulated roll
motion. In the horizontal position, the local angle of attack has its maximum, resulting in well
developed leading edge vortices, while at the vertical position the local angle of attack is zero,
resulting in a complete vanishing of the leading edge vortices. At all other positions during the motion,
there is a continuous variation between these types of the flow field.  Figure 6 also shows that there are
only very small dynamic effects (very small differences between left and right part of the wing in the
horizontal position).The normal force coefficient shows no time lag effect (Figure 7). The extreme
values of the pitching moment are predicted by the Dasa and NLR solutions between the vertical and
the horizontal position of the wing. This is mainly an effect of the antisymmetric flow field rather than
a dynamic effect. Only the rolling moment (Figure 7) shows a considerable rate-induced time history
lag: the minimum value is reached with a phase shift of 45° compared to the static case (in the static
case the rolling moment passes zero at the horizontal and vertical positions). At a phase angle of about
150° the rolling moment becomes negative, denoting that the vortex at the upward moving leading
edge is stronger than the vortex at the downward moving leading edge. Figure 8 shows the unsteady
pressure distributions in terms of magnitudes and phase angles of the first three harmonics, based on a
cosine-type harmonic analysis. Compared with harmonic pitch oscillations [3], the magnitudes of the
higher harmonics are here much larger, though nearly in phase. Besides the natural phase shift of 180°
between upper and lower side, the first harmonic shows a negligible phase shift. The second harmonic
shows large variations, but in the region of the primary vortices (where the magnitude has a
considerable value), the phase angle has values between 10° and 50°. In the regions with large phase
angles, the magnitudes of the second harmonic are very small. The phase angle of the third harmonic
is hard to analyse, but if the modulo 180° jumps are repaired, it looks similar to the phase angle of the
first harmonic: a curve very close to the zero axis for the upper side and a natural shift of 180°
between upper and lower sides. In the prediction of the magnitudes, the different schemes show the
same characteristics as was discussed for the steady solutions: higher suction peaks from the upwind
schemes, somewhat lower suction peaks from the central schemes with dissipation. In the prediction of
the phase angle, no characteristic differences between the different schemes can be observed. In the
phase shift of the first harmonic, the results of all schemes are identical and also, for the higher
harmonics, the results of Dasa, DERA and NLR are very similar over a wide range.

As there is no vortex breakdown present at the conditions of this test case, the dominating effect here
is the variation of the local angles of incidence and yaw, and this variation is nearly in phase with the
motion. This results in very small phase shifts in the loads, only the rolling moment showing a
significant, rate-induced time-history lag. The same effect was also observed in [11] and in [13] for
roll oscillations.

Unsteady results at angle of incidence αααα=17°°°°

The instantaneous surface pressure contours during the third cycle of the motion are shown in Figs. 9
and 11 respectively. At the beginning of the downstroke motion (the wing turns from the horizontal to
the vertical position), the solutions of Alenia and Dasa continue to show a burst vortex at the upward
turning half of the wing (figure 9). Over this part of the wing, the onset of vortex breakdown occurs
during the upstroke motion and is still present in these two solutions. At 60º roll angle, the NLR
solution shows very clearly vortex breakdown over the downward moving half of the wing. In the
Dasa solution, there is a considerable increase in the pressure ahead of the trailing edge, but the vortex
is not yet burst. The vortex breakdown or tendency to breakdown during this part of the motion is due
to the increase of slip angle leading to a strengthening of the vortex at the windward side. During the
upstroke motion (the wing turns from the vertical to the inverted horizontal position), all solutions
show clearly vortex breakdown over the upward turning half of the wing and this vortex breakdown is
still present at the horizontal position (Figure 11). During this part of the motion it is the effect of that
the vortex is forced to get closer to the surface that induces the breakdown. It is therefore clear that
there are large time lags in the vortex breakdown motion relative to the forced rolling motion as was
also observed in ref. [12]. In the solutions obtained using  the upwind schemes of the University of
Glasgow and NLR, the vortex at the horizontal position is still burst, but it has already started to
regenerate. In the Alenia and Dasa solutions (central schemes with dissipation), the vortex is still
retracting towards the wing apex at the horizontal position, which explains its presence during the
downstroke motion.
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Figure 10 shows a comparison of instantaneous surface pressure distributions with the preliminary
experimental values, which were obtained at DLR using the PSP technique [8]. In the numerical
solutions, the upwind schemes show a higher level of the suction peak and also a more compact region
of this suction peak than the central scheme of Dasa.  As long as no vortex breakdown is present, there
are extreme differences between the numerical and the experimental suction peak levels and there are
also considerable differences in the midsection of the wing, where in the steady case the agreement
between numerical and experimental results was very good (Figure 4). Compared with the steady
results (Figs. 4 and 10), the numerical results appear to be consistent, whereas in the experiment there
are extreme differences between static and dynamic results which cannot be explained by the rolling
motion at such a low rate.

Figure 12 shows the variation of normal force, pitching moment and rolling moment coefficient. The
normal force coefficient shows again nearly no phase lag. Although the solutions of Alenia, Dasa and
NLR have shown different vortex breakdown characteristics, they predict exactly the same variation of
the normal force coefficient. In the pitching moment, the vortex breakdown effects now result in a
more complex variation. For the variation of the rolling moment, the agreement of the different
solutions is very good, except at the maximum value, where the Dasa solution shows a smaller level.
This maximum value is reached during the downstroke motion at about 45°, and the surface pressure
contours (Fig. 9) indicate that, at this position, the level of the suction peak on the downward moving
part of the wing in the Dasa solution is lower than in the solutions of Alenia and NLR. All solutions
show that there is a wide range in which the rolling moment changes sign; it is during the movement
from the vertical position to the horizontal position. In this region, there is no longer an aerodynamic
damping of the motion.

In the unsteady surface pressure distributions (Fig. 13), the magnitudes now show clearer differences
between the upper and lower surfaces. As seen at α=10°, the constant offset and the magnitude of the
first and second harmonic show one peak for each half of the wing, at the position of the suction peak
of the primary vortex. In the magnitude of the third harmonic, all solutions show a two-peaks shape,
where the peaks are now at the pressure gradients inboard and outboard of the suction peak.

The first harmonic is again nearly in phase; there is a phase shift of about 25° only at the mid-section.
(There is again the natural phase shift of 180° between upper and lower side.) As the magnitudes of
the second and third harmonics in the mid-section region are now larger than in the 10° test case, the
phase angles of these harmonics show now a clearer structure. All solutions show a good overall
agreement in the prediction of the phase angle of the second harmonic. In the phase angle of the third
harmonic, the solutions of DERA and NLR show some common tendencies, whereas the Alenia and
the Dasa solutions show some clear deviations from these tendencies.

Most of the differences which are present in the magnitudes and the phase angles in this test case must
also be related to the fact that all schemes predict different characteristics of vortex breakdown

Conclusions

The numerical results of CE V show that, taking into account the limitations of the physical model, the
flow past the rolling delta wing can be successfully computed by Euler methods. There are some
differences between the different methods, but these differences are consistent and depend mainly on
the different numerical schemes. At lower angles of incidence, as long as no vortex breakdown is
present, the dominating effect is the continuous variation of the local angles of incidence and yaw,
overlaid by the antisymmetric flow field of the rolling motion. The differences in the solutions of the
different methods are restricted to different levels of the leeward suction peaks; the phase angles are
independent of the different schemes.

At higher angles of incidence, in the presence of vortex brake down, there are large time lags in the
vortex breakdown relative to the forced motion. The different characteristics of the methods in
predicting vortex breakdown result in different instantaneous surface pressure distributions, but again
the influence of the different schemes on the phase shift is very small. This independence of the phase
shift on the numerical scheme suggests that the phase shift effects are in general predicted correctly by
Euler methods.
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                     Figure 1: CE V configuration Figure 2: Computational (Euler-) grid

Alenia Dasa DERA NLR

Figure 3: Surface pressure contours of steady solutions for
M=0.8, α=10°(upper row) and α=17° (lower row).

                      

Figure 4: Steady surface pressure distributions at cross section x/c=0.8 for M=0.8, α=10°
(left) and α=17° (right).
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Figure 5:  Rolling about body axis at M=0.8, α=0° and ωr=0.0762. Surface pressure distributions at

    x/c=0.6 (left) and x/c=0.8 (right).

Alenia Dasa DERA NLR

Figure 6: Delta wing rolling about body axis at M=0.8, α=10° and ωr=0.0762. Instantaneous surface 
   pressure contours at horizontal position (upper row) and vertical position (lower row).

      
Figure 7: Delta wing rolling about body axis at M=0.8, α=10° and ωr=0.0762.  Variation of lift,

   pitching- and rolling moment (in body fixed system).
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Figure 8: Delta wing rolling about body axis at M=0.8, α=10° and ωr=0.0762. Unsteady surface
pressure distributions as magnitude (mi) and phase angle (pi) of the first three harnonics in
the cross section x/c=0.8.
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Alenia Dasa DERA NLR

Figure 9: Delta wing rolling about body axis at M=0.8, α=17° and ωr=0.0762. Instantaneous surface
    pressure contours during the downstroke motion of the lee side of the wing.

     

φφφφ= 30°°°° φφφφ= 330°°°°

Figure 10: Delta wing rolling about body axis at M=0.8, α=17° and ωr=0.0762. Instantaneous surface
    pressure distributions at different roll angles in the cross section x/c=0.8.
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Alenia Dasa DERA NLR

Figure 11: Delta wing rolling about body axis at M=0.8, α=17° and ωr=0.0762. Instantaneous surface
    pressure contours during the upstroke motion of the lee side of the wing.

   

Figure 12: Delta wing rolling about body axis at M=0.8, α=17° and ωr=0.0762.  Variation of lift,
   pitching- and rolling moment (in body fixed system).
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Figure 13: Delta wing rolling about body axis at M=0.8, α=17° and ωr=0.0762. Unsteady surface
pressure distributions as magnitude (mi) and phase angle (pi) of the first three harmonics in
the cross section x/c=0.8.
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Paper:     11
Author:  Mr. Fritz

Question by Dr. Hummel:  Have the Alenia and Dasa schemes been calibrated with respect
to numerical viscosity in order to catch vortex breakdown properly?

Answer:  Yes, to some extent.

Question by Dr. Rizzi:  Is the good agreement on phase shift among the four results due to
the fact that all these methods use the dual-time stepping method?

Answer:  It is true that these four methods all use dual-time stepping, but other results (DLR)
using a different time integration scheme indicate similar agreement.
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